INTRODUCTION
============

Epigenetics describes the study of mitotically and meiotically heritable changes in gene expression without mutating the DNA sequence. Epigenetic alterations regulate key events in cellular homeostasis, including transcriptional and translational regulation of gene expression. Epigenetic modifications include three commonly studied alterations: (1) DNA methylation; (2) covalent, post-translational modifications (PTMs) of histones; and (3) expression of non-coding RNAs (ncRNA). Epigenetic regulation of gene expression can be influenced by a variety of environmental factors, and their dysregulations has been implicated in various diseases [@B001],[@B002].

DNA methylation is the most well-studied epigenetic alteration and plays a key role in development such as genomic imprinting and X chromosome inactivation [@B003]. Also, DNA methylation is associated with cancer, Alzheimer's disease, diabetes, atherosclerosis, Friedrich's ataxia, immunodeficiency, rheumatoid arthritis, multiple sclerosis, and systemic lupus erythematosus [@B004]. The transfer of a methyl group to cytosine forms 5-methyl cytosine (5-mC) in CpG dinucleotides. The DNA methyltransferase (DNMT) family consists of DNMT1, DNMT2, DNMT3a and DNMT3b. DNMT1 maintains the methylation status once it is established by DNMT3a and DNMT3b through de novo methylation [@B003]. These DNMTs cooperate to maintain a precise DNA methylation pattern. Methyl binding domain (MBD) proteins including MeCP2, MBD1, MBD2 and MBD4 are readers that recognize and bind to methylated CpG sites and presumably mediate transcription repression or silencing. However the mechanism by which this occurs has yet to be uncovered. So far several proteins have been introduced as DNA methylation erasers including TET (teneleventranslocation) and AID (activation-induced cytidine deaminase) [@B005]. These erasers seem to have a distinct function in different cellular contexts.

Histone modifications provide another important mechanism of epigenetic regulation. Histones package and order DNA into basic structural units called nucleosomes. The Nterminal tails of histones can undergo various post-translational modifications (PTMs) including acetylation, methylation, phosphorylation, ubiquitylation and sumoylation [@B006]. There are now at least 16 classes of histone modifications on over 60 different residues of histones, which regulate important cellular processes such as transcription, replication and repair. Histone modifications are relatively labile compared to DNA methylation. Unlikely DNA methylation, histone modifications can lead to both activation and repression of gene expression depending on the type of modification at a specific residue [@B007],[@B008]. Whereas lysine acetylation of histones is broadly linked with gene activation, lysine methylation of histones creates specific and unique signals depending on the residue modified. For example, active promoter regions are enriched in trimethylated histone H3 at lysine 4 (H3K4me3), whereas inactive promoters are enriched in trimethylated histone H3 at lysine 27 and trimethylated histone H3 at lysine 9 (H3K27me3 and H3K9me3), and regulatory enhancers are enriched in monomethylated histone H3 at lysine 4 (H3K4me1) and/or acetylation histone H3 at lysine 27 (H3K27Ac) [@B007]. PTMs on histone proteins function in elaborate combinations to regulate the many activities associated with chromatin. Thus, altered histone modifications have the potential to impact differential gene and subsequent protein expression. Differential histone modifications have been implicated in several diseases such as cancers and Parkinson's and Huntington's diseases [@B009]. The diseases associated with differential histone modifications are also associated with aberrant DNA methylation.

Another epigenetic modulator of gene expression is noncoding RNA. ncRNA is composed of long ncRNAs and small ncRNAs. Small ncRNAs regulate gene expression by two mechanisms including translational repression (by microRNA, miRNA) and mRNA degradation (by small interfering RNA, siRNA). A complete sequence match between miRNA and target mRNA results in translational repression (miRNA pathway), whereas a base mismatch triggers the mRNA degradation pathway (siRNA pathway) and the mRNA is degraded [@B010]. At present, over 17,000 distinct mature miRNAs have been identified in over 140 species [@B011]. Aberrant expression of miRNAs has been associated with various human diseases such as cancer, cardiovascular disease, and genetic disorders [@B012]. Circulating miRNAs have been shown to be correlated with cardiovascular disease and tumors. Therefore, miRNAs could be readily employed as biomarkers of exposure and disease due to the availability of circulating extracellular miRNAs found in body fluids, such as amniotic fluid, saliva, serum, and plasma.

The increasing evidence that various environmental factors affect epigenetic alterations suggests that the influence of the environment on an organism at the molecular level can extend well beyond interactions with the DNA sequence. To date, emerging work has focused to address the effect of environmental exposures on histone modifications and miRNA expression as well as DNA methylation. This review highlights the current evidence that epigenetic alterations are associated with environmental exposure to toxic metals and considers the potential mechanisms behind environmentally related epigenetic alterations. A summary of the data discussed is presented in [Table 1](#T001){ref-type="table"} and [Fig. 1](#F001){ref-type="fig"}.

###### An overview of the epigenetic effects of metal exposure

  ----------- ----------------- -------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
              DNA methylation   Histone modifications                                                                  ncRNA expression
                                                                                                                       
  Arsenic     +/−               H3S10p, H2AXp, H3K9/K27/K16/K18ac, H3K4me2/me3, H3K9me2, H3K27me3, H3R3me2, H3R17me2   Let-7 family, miR-16, miR-17, miR-19, miR-20, miR-22, miR-24, miR-26b, miR-29a, miR-30, miR-34a, miR-96, miR-98, miR-107, miR-126, miR-195, miR-200b, miR-210, miR-221, miR-222, miR-454
  Cadmium     +/−               H3p, H3ac, H3K4me3, H3K9me3, H3K27me3                                                  Let-7 family, miR-15b, miR-23b, miR-101, miR-144, miR-130a, miR-361-5p, miR-455-3p, miR-1233, miR-1275
  Chromium    +/−               H2AXp, H3K4me2/me3, H3K9me2/me3                                                        miR-143, miR-222. miR-3940-5p
  Copper      ND                H3ac, H4ac                                                                             miR-398
  Lead        −                 H3K9ac, H4K8/K12ac, H3K4me2                                                            miR-146a, miR-222
  Mercury     +/−               H3ac, H3K27me3                                                                         miR-141, miR-196b, miR-302b, miR-367, miR-382
  Nickel      \+                H3S10p, H3K9ac, H4ac, H2Aub, H2Bub, H3K9me2                                            miR-222
  Organotin   −                 H3ac, H4ac                                                                             ND
  ----------- ----------------- -------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

(+), hypermethylation; (−), hypomethylation. Ac, acetylation; Me, methylation; P, phosphorylation; Ub, ubiquitination. ND, no data.

![Metals can activate or silence transcription through epigenetic modifications. Ac, acetylation; Me, methylation; P, phosphorylation.](toxicr-31-1-g001){#F001}

METAL EXPOSURE AND ASSOCIATED EPIGENETIC ALTERATIONS
====================================================

***Arsenic.*** Inorganic arsenic (As) compounds (pentavalent arsenate \[As(V)\] and trivalent arsenite \[As(III)\]) are important environmental carcinogens that affect DNA methylation status in the cell [@B013]. The toxicity of As is most often linked to the arsenite owing to its ability to bind thiol groups in various cellular components [@B014]. Because As is biotransformed into a methylated form using S-adenosyl methionine (SAM) as the methyl donor, As metabolism may deplete intracellular methyl group stores, which may result in hypomethylation of genes. However, the effect of As-induced SAM depletion on DNA and histone methylation is controversial; both hypo- and hypermethylation of different genes can be found following As exposure [@B015], and alteration of histone methylation is also observed, such as increased H3K9me2 and decreased H3K27me3 [@B016]-[@B018]. Smeester *et al*. identified 183 differentially methylated promoters associated with As exposure in adult subjects from Zimapan, Hildago, Mexico and out of this group were 17 tumor suppressor or tumor suppressor-associated genes with hypermethylated promoters [@B019].

In individuals exposed to inorganic As in Bangladesh, total urinary As was inversely correlated with global H3K9ac and positively correlated with H3K9me2 [@B020]. A positive correlation was reported between H3K4me2 and H3K9ac and cumulative exposure to As and nickel-containing particulate matter (PM) in peripheral blood lymphocytes (PBL) [@B021]. As is a potent inducer of H3S10 phosphorylation (H3S10p) and this modification has been associated with up-regulation of genes involved in tumorigenesis [@B022]. Recently, it was reported that As induces the expression of the anti-oxidant gene *ferritin* through methylation of H4 arginine 3 (H4R3) and H3 arginine 17 (H3R17) in a dose dependent manner in human keratinocytes [@B023]. Several studies have demonstrated the mechanisms of As-induced histone modifications, focusing on the expression and activity of histone modifying enzymes. In hepatocellular carcinoma cells, the increased level of H3K9 acetylation by As was correlated with inhibition of HDAC activity [@B024]. As was shown to increase H3K9me2 and H3K9me3 through increased expression of the H3K9 methyltransferase G9a/KMT1C without change in expression of lysine (K)-specific demethylase 3A (JHDM2A/KDM3A) [@B025]. This suggests that these genes represent possible biomarkers of inorganic As-induced disease.

Exposure to As also causes changes in miRNA expression [@B026]. Sodium arsenite up-regulated the expression of four miRNAs (miR-22, miR-34a, miR-221 and miR-222) and strongly down-regulated the expression of miR-210 in human lymphoblasts. Malignant transformation of *TP53*−/− cells treated with As was correlated with decreased levels of miR-200b [@B027]. Decreased expression of miR-200b caused methylation of the miR-200 promoter, suggesting that As may transcriptionally repress miRNA expression through DNA methylation. The alteration pattern of these miRNAs could potentially serve as a biomarker for assessing As toxicity and As-induced disease risk.

***Cadmium.*** Cadmium (Cd) is an environmental contaminant and is classified as a Group I carcinogen associated with cancers of the liver, bone, kidney, and pancreas as well as a known risk factor for cardiovascular disease [@B028]. Cd exposure occurs primarily through cigarette smoke and dietary sources. Cd is present in almost all foods and its levels depend on the type of food and source contamination [@B029]. Cd exposure results in DNA hypermethylation and hypomethylation. Acute Cd exposure has been shown to decrease DNA methylation via noncompetitive inhibition of DNMT activity. Conversely, chronic Cd exposure results in global DNA hypermethylation and enhanced DNMT activity. This increased methylation was correlated with increased cell proliferation followed by transformation [@B030]. Consistent with this study, long-term Cd treatment resulted in increased *DNMT3b* transcript levels leading to increased DNMT activity, increased global DNA methylation, promoter hypermethylation and loss of expression of tumor suppressor genes *RASSF1A* and *p16*. Importantly, this data suggests that genome-wide hypermethylation along with DNMT3b overexpression may be a useful biomarker to specifically identify Cd-induced human prostate cancers [@B031].

Studies of Cd-induced histone modifications are mainly limited to *in vitro* studies. In Cd-transformed urothelial cells, levels of H3K4me3, H3K27me3 and H3K9me3 occupancy at the metallothionein 3 (MT3) promoter were increased compared to untransformed cells [@B032]. In addition to altering methylation of histone H3 lysine residues, Cd was shown to decrease H3 phosphorylation via inhibition of the human vaccinia-related kinase VRK1/2 [@B033]. This demonstrates that Cd may block histone modifications through inhibition of histone modifying enzymes.

Like histone modification, Cd has been shown to alter miRNA levels *in vitro*. Cd upregulates the expression of miR-101 and miR-144, which target the cystic fibrosis transmembrane conductance regulator (CFTR) [@B034]. Indeed, Cd decreased expression of CFTR in human bronchial epithelial cells, suggesting that Cd, through miRNA induction, may be involved in the pathogenesis of cystic fibrosis.

***Chromium.*** Chromium (Cr) can exist in several valence states, such as +6, +3 and 0 oxidative states. Cr(III) is the final oxidative form in all biological systems [@B013]. Exposure to Cr(VI) is mainly through drinking water contaminated through industrial Cr use and inhalation in occupations dealing with plating, production and welding using chromate. Cr is highly mutagenic and associated with many types of cancers including prostate, bone, leukemia, lymphoma, renal, gastrointestinal, brain, nasal and lung cancer [@B035],[@B036]. The mutagenic and carcinogenic nature of Cr may be explained in part by the variety of genotoxic lesions that it produces; Cr forms adducts with DNA, induces DNA strand breaks, DNA intra- and interstrand crosslinks, and DNA-protein crosslinking [@B037],[@B038]. Cr also interferes with DNA damage response and repair. The risk of developing Cr(VI)-associated neoplasms is the highest for lung, followed by nasal cancers [@B016]. For instance, 33% of chromate-induced lung cancers exhibited methylation of the p16 promoter, while the same applied to 26% of non-chromate lung cancers [@B039]. In another study, two other tumor suppressor genes, adenomatosis polyposis coli (*APC*) and human mut-L homologue 1 (h*MLH1*) were hypermethylated in chromate-induced lung cancers (86 and 28%, respectively), compared with 44% and 0% in nonchromate lung cancers, respectively [@B040].

In addition to DNA methylation, Cr can also alter specific histone marks in chromatin. Cr cross-linked HDAC1-DNMT1 complexes to *Cyp1a1* promoter-associated chromatin and inhibited histone marks induced by Ah receptormediated gene transactivation, including H3S10p, H3K4me3, and various acetylation marks in histones H3 and H4 [@B041],[@B042]. Also, it has been demonstrated *in vitro* that Cr interacts with histone arginine and lysine residues [@B043]. Cr increased expression of the H3K9-specific methyltransferase G9a, which was correlated with increased levels of H3K9me3 as well as H3K4 [@B044]. H3K9me occurred not only globally, but also at the promoter of MLH1, a DNA mismatch repair enzyme. Cr exposure decreased expression of MLH1, suggesting that Cr represses expression of this gene through H3K9me and DNA methylation, providing an epigenetic link between Cr and carcinogenesis.

Cr was negatively associated with miR-146a in peripheral blood leukocytes [@B045]. In Cr-transformed human lung epithelial cells, miR-143 is repressed and this repression activates angiogenesis through the IL-8-insulin growth factor receptor (IGFR)-HIF-1 pathway [@B046]. Cr level showed significant association with plasma miR-3940-5p levels. XRCC2 and BRCC3 protein levels, which are DNA repair genes, were positively associated with Cr and micronuclei frequency. These data suggest that Cr-induced genetic damage may be due to the regulation of miRNA on DNA repair genes responsive to high Cr(VI) exposure [@B047].

***Copper.*** Occupational exposure to copper (Cu) has been reported to result in chromosome aberrations and increased frequency of micronuclei in peripheral blood leukocytes [@B048]. In addition to genomic toxicity, Cu can also alter the epigenome. In human hepatocyte Hep3B cells, Cu treatment induced significant decreases in global acetylation of histone H3 and H4 through direct inhibition of histone acetyltransferase (HAT) activity without affecting histone deacetylase (HDAC) activity [@B049]. Cu can directly bind to with critical histidine residues of histones H2A, H3 and H4 *in vitro* [@B050],[@B051]. Cu binding to the C-terminal peptide of H2B (H2B94-125) could interfere with the ubiquitination of Lys120, which has been associated with gene silencing [@B052],[@B053]. In addition to histones, Cu interacts with DNA, resulting in induced conformational changes of chromatin and altered gene expression.

Currently, the majority of reports on miRNA expression resulting from Cu exposure have been performed in nonhuman studies. Cu has been shown to alter miRNA level in the plant. miR-398 was the first miRNA identified to be regulated by oxidative stress. Its targets are the Cu/Zn superoxide dismutases (CSD) enzymes and the stress upregulated Nodulin 19 (Nod19) [@B054]. In bean plants under Cu toxicity, miR-398b down-regulation and up-regulation of its target genes, CSD1 and Nod19, were observed [@B055]. CSD1 and Nod19 participate in reactive oxygen species (ROS) detoxification. Down-regulation of miR-398b and up-regulation of its targets was observed in common bean roots during the oxidative stress resulting from short-time exposure to high Cu. Thus, this data suggests that the miR-398bmediated up-regulation of CSD and Nod19 may be relevant for common bean plants to cope with oxidative stress generated in abiotic and biotic stresses.

***Lead.*** Lead (Pb) is a naturally occurring element that is widely known for its human health impacts and is one of the most widely studied environmental toxicants [@B013]. It is a genotoxic agent and has been shown to induce DNA breaks and chromosome aberrations. Exposure to Pb has been primarily associated with adverse effects in a variety of organs, including the neuronal and reproductive systems [@B056]. The relationship between infantile exposure to Pb and adult-onset Alzheimer's disease (AD) were investigated in primate model systems [@B057],[@B058]. Adult primates demonstrated a significant decrease in DNA methyltransferases, DNMT1 and DNMT3A; as well as a marked reduction in H3K9ac, H4K8ac, H4K12ac and H3K4me2 compared with controls. This epigenetic perturbation caused aberrant upregulation in certain genes important for brain function, such as neuron-derived orphan receptor 1 (NOR1), membrane-associated phospholipase A2 precursor (PLA2) and flavoprotein subunit of complex II. It may play a role in the development of late onset Alzheimer's disease. Currently, no human studies have investigated histone modification resulting from exposure to environmental Pb.

At present, only one study has addressed changes in miRNA expression upon exposure to Pb. The study found that miR-222 expression was positively associated with Pb exposure, while miR-146a expression was negatively correlated with Pb exposure in peripheral blood leukocytes exposed via inhalation [@B059]. miR-146a, which was downregulated, has been shown to be associated with inflammation in rodent models whereas miR-222, which was up-regulated by Pb exposure, has been shown to regulate the tumor suppressor, Cyclin-dependent kinase inhibitor 1B (p27Kip1). Down-regulation of p26Kip1 has been linked to increased cell proliferation and higher incidences of various cancers [@B060].

***Mercury.*** Humans are primarily exposed to mercury (Hg) by consuming contaminated seafood and via occupational exposure including metal smelting, gold mining, coal burning, electric industries, and wood production [@B061],[@B062]. Hg has been shown to be genotoxic and can cause damage to neuronal, cardiovascular and renal systems [@B063]. One study found hypermethylation of the promoter region of glutathione S-transferase mu 1 (GSTM1) in women with elevated blood Hg levels (above 2.9 µg/L) without reduced expression levels of GSTM1 [@B064]. Another study showed a correlation between DNA hypomethylation of the selenoprotein P plasma 1 (SEPP1) promoter and increasing Hg levels in male hair samples [@B065]. Currently, the majority of reports on histone modification resulting from exposure to environmental Hg have been performed in non-human studies. In pregnant mouse models, exposure to methylmercury (MeHg) was associated with increased H3K27me3, decreased histone H3 acetylation and increased DNA methylation in the promoter region of brain derived neurotrophic factor (BDNF) [@B066]. Exposure to methyl mercury chloride (MeHgCl) led to increased expression of miR-302b, miR-367, miR-372, miR-196b, and miR-141 in carcinoma pluripotent stem cells [@B067]. This study showed that these miRNAs were associated with developmental processes and cellular responses to stress and pathway analysis on probable mRNA targets revealed possible links to neurological development including learning and memory formation.

***Nickel.*** Both water-soluble (e.g. NiCl~2~, NiSO~4~) and water-insoluble (e.g. Ni~3~S~2~, NiO) nickel (Ni) compounds are human carcinogens, although it is nonmutagenic or weakly mutagenic in most animals [@B068]. Thus, the mechanism of Ni-induced health effects, including carcinogenicity, is largely unknown. Nickel's carcinogenic potential is thought to be due to its ability to precipitate epigenetic changes [@B069]. Ni condenses chromatin to a greater extent than Mg, the natural divalent cation of the cell [@B070]. Ni-induced carcinogenesis may be mediated by structural change of chromatin, such as heterochromatinization, which is associated with gene repression. Ni-induced tumorigenesis was associated with promoter hypermethylation of the tumor suppressor gene p16 [@B071]. Ni exposure both *in vitro* and *in vivo* was also shown to reduce or silence the expression of another tumor suppressor gene *Fhit* [@B072]. Ji *et al*. (2008) investigated the mechanistic link between Ni-induced epigenetic changes and cellular transformation in human bronchial epithelial (16HBE) cells [@B073]. The DNA repair gene, O^6^-methylguanine DNA methyltransferase (MGMT) exhibits epigenetic changes such as hypermethylation of its promoter, recruitment of MeCP2, MBD2 and DNMT1 to the promoter and transcription-repressive histone modifications including high levels of H3K9me2 and low levels of H4ac and H3K9ac. Ni has been shown to cause a global loss of acetylation at all four core histones and an increase in the repressing methylation maker H3K9me2, but no change in H3K9me3 in human lung A549 cells [@B074]. Niinduced histone hypermethylation is due to the direct inhibition of H3K9 demethylase, a jumonji-domain containing protein 1A (JMJD1A/KDM4A), by replacing the Fe^2+^ in the catalytic center by Ni^2+^ [@B074],[@B075]. Ni also induces increased levels of both H2A and 2B ubiquitination [@B076] and phosphorylation of histone H3S10 in response to stimulation of the JNK-MAPK pathway in A549 cells [@B077].

Karaczyn *et al*. reported a different type of effect of Ni on histones [@B078],[@B079]. Like Cu, Ni binds to the C-terminal TESHHKAKGK motif of histone H2A and assists in the hydrolysis of the E-S peptide bond, resulting in the cleavage and release of the terminal octapeptide SHHKAKGK from histone's C-terminal tail. Similarly, both C- and N-terminal ends of histone H2B are cleaved off in cells exposed to Ni [@B078]. This effect was also induced by cobalt, but not by Cu, Cd and Zn. This data suggests that the truncation of histone H2A and H2B may alter chromatin structure and affect gene expression, which may be involved in mediating Ni toxicity and carcinogenicity.

In Ni-induced tumors, miR-222 was highly expressed and its target genes, CDKN1B and CDKN1C, were down-regulated in Wista rats [@B080]. The same alteration of miR-222 and its target genes was also found in malignant 16HBE cells induced with Ni~3~S~2~ compounds. This suggests that miR-222 may promote cell proliferation infinitely during nickelinduced tumorigenesis in part by regulating the expression of its target genes CDKN1B and CDKN1C.

***Organotin.*** The organotin class of compounds includes chemicals with tin covalently bound to hydrocarbon substituents [@B013]. Animal studies using organotin revealed carcinogenicity, neurotoxicity, reproductive and developmental toxicity, immunotoxicity and endocrine activity [@B081]. HAT activity is enhanced by organotins including not only tributylin (TBT), diphenyltin (TPT) and their derivatives but also related compounds such as dibutyltin, diphenyltin, triethyltin and tripropyltin [@B082]. Organotin exposure has also been shown to induce DNA hypomethylation in liver samples from Marble trouts (*S. marmoratus*) [@B083]. Whether or not the DNA hypomethylation and histone hyperacetylation caused by organotins are correlated with their carcinogenic and tumor-promoting activity in fish or in mammals requires further study, because these two changes can work synergistically, or antagonistically to affect gene transcription [@B013].

CONCLUSIONS
===========

Epigenetic changes in the form of DNA methylation, histone modification or ncRNA expression have been linked to environmental factors, including heavy metal exposure ([Table 1](#T001){ref-type="table"} and [Fig. 1](#F001){ref-type="fig"}) and in some cases to various human diseases such as cancer. Due to the fact that epigenetic changes can occur at any time in an individual's lifetime and that they can be passed on to future generations, the exact mechanisms by which metals induce these changes are of great significance [@B084]. There remain significant questions regarding the mechanisms through which environmental exposure drives or selects epigenetic alteration. Nevertheless, only a few mechanisms, such as oxidative stress induction, disruption of cell metabolism or epigenetic changes, have been proposed [@B084]-[@B086]. Among these mechanisms, the mechanisms that induce epigenetic alterations as well as the changes themselves could be used as biomarkers for the prognosis and the diagnosis of several diseases. Also, the understanding and characterization of heavy metal-induced epigenetic changes will be of great significance in prognosis, diagnosis, and treatment of disease and drug development, with respect to the control of DNA methylation secondary to toxic factor exposure.
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[^1]: Abbreviations: DNMT, DNA methyltransferase; HAT, histone acetyltransferase; HDAC, histone deacetylase; HMT, histone methyltransferase; ncRNA, non-coding RNA; PTM, posttranslational modification.
